INTRODUCTION
Invasive lobular carcinoma (ILC) is the second most common histological type of breast cancer (BC) and most frequently diagnosed ''special type,'' accounting for approximately 10% of all breast tumors (McCart Reed et al., 2015; Weigelt et al., 2010b) . Typical ILC shows a characteristic infiltrative pattern, with single-file rows of discohesive cells separated by a collagen-rich matrix (Moinfar, 2007) . Most lobular BCs are slow growing and low grade and express receptors for estrogen as well as progesterone. Consistent with these features, ILC patients have a relatively favorable 5-year survival rate. However, these tumors show local recurrence, exhibit diminished response to hormone and chemotherapy compared with invasive ductal carcinoma (IDC) (Metzger Filho et al., 2015; Marmor et al., 2017) , and can recur as lethal tumors many years after treatment (Korhonen et al., 2013; Pestalozzi et al., 2008; Colleoni et al., 2016) .
Transcriptional profiling has shown significant differences in gene expression between ILC and IDC (Weigelt et al., 2010a) . More recently, this approach has led to the identification of ILC subtypes. Ciriello et al. (2015) found three subtypes: immune-related, reactive-like, and proliferative. Michaut et al. (2016) reported two: immune-related and hormone-related. The immune-related (IR) subtype identified in each case was defined by overexpression of transcripts coding for interleukins, chemokines, and cytokines, as well as by gene expression linked to lymphocyte and macrophage function (Desmedt et al., 2017) . Comprehensive genomic analysis from both groups revealed a very high frequency of CDH1 loss-offunction and PIK3CA gain-of-function mutations (Ciriello et al., 2015; Michaut et al., 2016) .
A major challenge to development of effective new therapy against IR-ILC is the lack of an immune-competent model. Such models can be used to define therapeutic vulnerabilities, including tumor-specific signaling pathways or a significant, but exhausted, anti-tumor immune response. Jonkers and colleagues have described several mouse models for ILC. For example, deletion of Cdh1 and Tp53 in mammary epithelium leads to the development of pleomorphic ILC, an aggressive but relatively rare non-classical ILC subtype (Derksen et al., 2011) . The same group reported that deletion of Cdh1 and Pten in mammary epithelium leads to tumors with more classical ILC-like features (Boelens et al., 2016) . Immune infiltration has not been described in this model, except under conditions linked to immunogenicity associated with Cas9 expression (Annunziato et al., 2016) . In this study, we describe a genetically modified mouse model based on mutations in the two most commonly mutated genes from human ILC: Cdh1 and Pik3ca. In doing so, we aim to identify previously unknown features of ILC that can be exploited for the development of novel therapeutics.
RESULTS

Homozygous Loss-of-Function Cdh1 Mutations Cooperate with Activated Alleles of Pik3ca in Mammary Epithelial Transformation
As noted above, the two most common alterations in human ILC are CDH1 loss-of-function mutations and activating gain-of-function mutations in PIK3CA. Indeed, approximately 50% of CDH1 mutant tumors have activating mutations in PIK3CA (Ciriello et al., 2015; Michaut et al., 2016) , suggesting that these gene mutations may well cooperate to transform mammary epithelial cells. To model ILC of this genotype, we bred mice with a Creconditional mutant allele of Cdh1 (Cdh1 loxP/loxP ) (Boussadia et al., 2002) to Cre-conditional transgenics for activated mouse Pik3ca (R26-LSL-Pik3ca E545K and R26-LSL-Pik3ca H1047R ) (Wagner et al., 1997) . These mice were then mated to activate Wap-Cre expression, which is strongly induced at pregnancy day 14 (Wagner et al., 1997) . Parous Cdh1 loxP/loxP ;R26-LSLPik3ca E545K ;Wap-Cre and Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre female mice developed mammary tumors with a mean latency of 64.7 and 73.4 days, respectively. In contrast, parous R26-LSL-Pik3ca E545K ;Wap-Cre and R26-LSL-Pik3ca H1047R ;Wap-Cre females, without Cdh1 gene deletion, formed mammary tumors with a mean latency of 199.8 and 112.3 days, respectively ( Figure 1A ). Cdh1 loxP/loxP ;Wap-Cre females developed hyperplastic lesions and small mammary tumors after Cre activation, but all regressed at weaning. These lesions were related to those that formed in Cdh1 loxP/loxP ;R26-LSLPik3ca mut ;Wap-Cre cohorts (see below and Figures S2A and S2B) . Control mice did not form tumors over an 18-month follow-up period ( Figure 1A ). The mean number of mammary tumors per female mouse increased from approximately 4.0 in R26-LSLPik3ca E545K ; Wap-Cre cohort mice to greater than 8.7 in Cdh1 loxP/loxP ;R26-LSLPik3ca E545K ;Wap-Cre animals (p = 7.137 3 10 10 ), whereas the number of mammary tumors per mouse was not altered by Cdh1 deletion in Pik3ca H1047R mutant cohorts (approximately 7.5 mammary tumors formed in female mice from R26-LSL-Pik3ca H1047R ;Wap-Cre and Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R Wap-Cre cohorts) (data not shown).
For Pik3ca H1047R mice, we observed a sizable reduction in mammary tumor-free survival (MTFS) with deletion of Cdh1 (p = 1.02 × 10 −11 ). In contrast, for Pik3ca E545K mice, Cdh1 deletion did not significantly affect MTFS at 18 months (p = 0.264). However, at 150 and 250 days, deletion of Cdh1 had a dramatic effect on MTFS of Pik3ca E5454K cohort mice (p = 6.78 × 10 −6 and p = 8.58 × 10 −3 , respectively). This can be seen in Figure 1A , as MTFS curves for Cdh1 loxP/loxP ;R26-LSL-Pik3ca E545K ;Wap-Cre and R26-LSL-Pik3ca E545K ;WapCre cohorts cross just after 250 days. Importantly, these curves report the date on which mammary tumor burden for each animal required sacrifice, as opposed to the date on which tumors were first observed. Indeed, for Cdh1 loxP/loxP ;R26-LSL-Pik3ca E545K ;Wap-Cre mice, mean average tumor growth (89.2 ± 15.9 days, from date of tumor observation until sacrifice) was slower than seen in R26-LSL-Pik3ca E545K ;Wap-Cre (25.8 ± 3.2 days) and Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre mice (26.4 ± 1.5 days). In addition, boxand-whisker plot analysis of mammary tumor growth rate reveal more outliers (representing very slow growing tumors) in the Cdh1;Pik3ca E545K mutant cohort (data not shown). The very slow growing mammary tumors in Cdh1 loxP/loxP ;R26-LSL-Pik3ca E545K ;Wap-Cre mice explains the long and shallow tail for MTFS seen on Figure 1A .
Next, mammary tumors from each cohort were analyzed by histology. The vast majority of lesions that formed in Cdh1 loxP/loxP ;R26-LSL-Pik3ca mut ;Wap-Cre double-mutant mice were scirrhous tumors ( Figures 1B and S1A ). These are quite distinct from tumors that form in Pik3ca single-mutant mice. The Pik3ca E545K single mutant induced mostly adenosquamous carcinomas (ASCs) (78%), with a number of other histotypes seen in a small percentage of tumors ( Figures 1C and S1B ). Forty-six percent of tumors in Pik3ca H1047R ;Wap-Cre transgenics were scirrhous tubular carcinomas, and 21% were ASCs. Other histologies were seen in a small percentage of cases (Figures 1C and S1B) . Results from these control cohorts are consistent with a published report on transgenic models for E545K-and H1047R-induced mammary tumors (Meyer et al., 2013) . Thus, both hotspot mutant alleles of Pik3ca cooperate with Cdh1 loss-of-function mutations to induce ILC-like tumors in mice (unpublished data and see below). Because Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre model tumors were more aggressive, we focused on these for more comprehensive analysis.
To this end, we tested for E-cadherin expression and PI3K activation and confirmed dramatically reduced E-cadherin accumulation as well as Akt activation in the H1047R mutant model ( Figure S1C ).
Cdh1/Pik3ca Double-Mutant Tumors Are Diffusely Infiltrative and Highly Related to Human ILC
Upon necropsy, it was immediately clear that tumors in Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R ;Wap-Cre mice were unlike those that form in models for IDC. Mammary lesions had irregular borders, which invaded mammary fat pads, musculature, and skin (Figures 2A and S2C ; data not shown). They were so diffusely infiltrative that it was often difficult to determine where one tumor ended and another began. Indeed, tumors grew from one mammary gland into the next. Some tumors even crossed the midline, joining up on either side of the mouse, either around the back of the neck between anterior mammary fat pads on either side or across the lower abdomen, joining the most posterior fat pads into a contiguous tumor network ( Figure 2B ). Tumors that formed in Cdh1;Pik3ca double-mutant mice had less connective tissue than in human lobular BC. This is likely related to differences in stroma seen in the normal mammary gland of both species (McNally and Stein, 2017) . Despite this, Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre mammary tumors had many features in common with human ILC. For example, there were single-file rows of discohesive cells separated by fibrous tissue ( Figure 2C ), targetoid growth patterns ( Figure  2D ), and epithelial-like structures within most tumors ( Figure S2D ). Interestingly, tumorspheres from this model showed characteristic single-file outgrowth in threedimensional (3D) culture (Figures S2E and S2F) . These features are similar to what was reported in mammary tumors from Cdh1 loxP/loxP ;Pten loxP/loxP ;Wap-Cre mice, a model for less common CDH1;PTEN double-mutant ILC (Boelens et al., 2016) . Extensive collagen deposition was seen by Masson's trichrome staining ( Figure 2E ). By transmission electron microscopy, extracellular matrix fibers could be seen to separate individual rows of tumor cells in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ; Wap-Cre lesions (data not shown). Also, some tumor cells had apical membrane anomalies, with interdigitated microvilli at the cell surface as well as very small lumens separating adjacent cells or vesicles of apical membrane trapped within the cytoplasm ( Figures 2F, S2G , and S2H; data not shown). These features have been seen in human ILC (Nesland et al., 1985) and are most likely attributable to alterations in membrane trafficking associated with loss of E-cadherin-dependent adherens junctions. Despite this, junctional complexes were evident in many tumor cells ( Figure 2F ). We next stained tumor sections with antibodies against receptors for estrogen (ERa) and progesterone (PR). Both receptors were expressed in double-mutant tumors (Figures 2G and 2H) . These tumors expressed the luminal marker cytokeratin 8 (CK8) ( Figure S2I) . Surprisingly, some tumor cells, particularly those in peripheral regions, also or alternatively expressed basal cell cytokeratins ( Figure S2J ). As expected, tumor cells were negative for E-cadherin staining, although cytoplasmic p120 staining was apparent ( Figure  S2K ). Smooth muscle actin was also detected, primarily in tumor stroma ( Figure S2L ).
A Model for IR ILC
Transcriptional profiling has been used to characterize mouse models of BC (Hollern and Andrechek, 2014; Pfefferle et al., 2013) . To this end we used unsupervised hierarchical clustering to compare gene expression in mammary tumors from Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R ;Wap-Cre mice with mammary tumors from 27 distinct genetically engineered and mutant mouse (GEMM) strains, including models for ER + , HER2 + , basal-like, and other triple-negative BCs (Pfefferle et al., 2013) (Figure S3 ). Gene expression profiles among Cdh1 loxP/loxP ; R26-LSL-Pik3ca H1047R double-mutant tumors were highly correlated (centroid correlation > 0.9), and all ten assayed tumors clustered together without interruption by even a single tumor from any of the other models. Neighboring tumors within this cluster were from FVB, BALB/C, and SV129 SV/EV genetic backgrounds. Tumors with the greatest similarity to those from Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R ;Wap-Cre mice were from Stat1 −/− , MMTV-ATX, and R26-LSLPik3ca H1047R ;MMTV-Cre mice, all of which are ERα + . This is not too surprising given that lobular tumors are typically ER + , as is our model (see above). Unsupervised clustering highlighted four features of Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors (blue blocks on the right-hand side of Figure S3A , expanded in Figure S3B ; see also Table S1 ). The first block shows reduced expression of many genes associated with proliferation, including genes coding for Ki67, Mcm6, and cyclins. This finding is consistent with the relatively slow growth of these tumors, which is also seen in human ILC (Ciriello et al., 2015) . Next, we saw low expression of Cdh1, as expected on the basis of its deletion in this model. Furthermore, gene sets 3 and 4 show elevated expression of mesenchymal and lymphocyte genes, respectively (see below). In agreement, gene set enrichment analysis (GSEA) revealed enrichment of signatures related to the mesenchymal differentiation and immune micro-environment (data not shown), where the former likely represents increased stroma seen in ILC (Dennison et al., 2016) . Moreover, we observed enrichment of signaling pathway-specific signatures and lobular BC signatures.
Next, we used hierarchical clustering to test for a relationship between Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R mammary tumors and human BC. Given that PAM50 separates human BCs according to their intrinsic subtype, not necessarily according to their pathological subtype, we tested for relationships using genes that define lobular subtype tumors in humans (Ciriello et al., 2015) and those that define Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors in mice (Table S1 ). As depicted in Figure 3A , this separated human luminal A tumors into two major clusters and also separated subtypes of human lobular BC as expected. Importantly, we observed co-clustering between human IR-ILC and murine mammary tumors from Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R mice. Given the similarity of these tumors, we used GSEA to investigate whether genes that define IR ILC were significantly enriched in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors. Indeed, a comparison of Cdh1 loxP/loxP ; R26-LSL-Pik3ca H1047R tumors with all other mouse models revealed significant enrichment for high expression of genes that define IR ILC ( Figure 3B ), as well as individual genes and signatures that define immune cells ( Figures S4A and S4B) . Similarly, we interrogated co-clustered human IR ILC with genes that are highly expressed in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and observed significant enrichment ( Figure   3C ).
A number of immune-cell specific gene signatures were highly expressed in IR-ILC and Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors ( Figure 4A ). In addition, many human luminal A ILC tumors, beyond those classified as immune related, had evidence of immune infiltration. By comparison, the majority of mouse models in our dataset showed much lower expression of immune signatures. Likewise, within the luminal A IDC pathology group, we observed high expression of immune signatures in only a minor subset of tumors. Among key common immune features, uniform elevation of signatures for immune checkpoints (CTLA4 and PD1) was shared by Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R and the human IR ILC tumors, as were signatures for many T cell subsets (with the notable exception of TH2 T cells). Specific to Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and human IR-ILC, we saw prominent elevation of the T-regulatory cell signature in nearly every sample. Importantly, we confirmed the presence of immune cells in Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R tumors. Using IHC, we identified abundant CD3-postive staining at the tumor margins and more moderate staining within tumors ( Figure S5A ), a situation present in each of the tumors examined. Furthermore, we noted tertiary lymphoid structures, with CD3 + T cell and Btk + B cell staining (Figures S5A and S5B) , in some tumors. Together, these data indicate that immune infiltration is a prominent feature of ILC tumors shared by this new model. Moreover, the notable elevation of signatures associated with immune suppression, such as PD1, CTLA4, and T-regulatory cells, appears to be shared by Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and human IR-ILC tumors, suggesting potential for these features as a therapeutic target.
We next looked for similarities between tumors in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R mice and IR-ILC beyond immune infiltration ( Figure 4B ). Overall, Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R tumors and human IR-ILC tumors displaye remarkable consistency for upregulation of key signaling pathways, many of which mors and human IR-ILC tumors displayed remarkable consistency for upregulation of key signaling pathways, many of which were also highly expressed across luminal A ILC in general. Concordant with singlegene profiling, we saw low expression of signatures for cell cycle progression pathways in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and human ILC. As expected, pathway signatures for b-catenin and Pik3ca/PI3K were elevated in ILC tumors from both species. As seen in pleiomorphic lobular cancers, we detected elevation of HIF1a (Ercan et al., 2012) and Vegfa signaling. The most consistent relationship between all ILC tumors (mouse and human) was elevation of a signature for sonic hedgehog (Shh) signaling, consistent with the mesenchymal nature of these tumors (Maitah et al., 2011; Xu et al., 2012b) , as well as elevation of a BC metastasis signature ( Van't Veer et al., 2002) . Among elevated pathways uniquely shared between Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and human IR-ILC tumors were Rac1, YAP, Oct4, and Notch, many of which are related to high invasive potential of these lesions (Bailey et al., 2007; Lamar et al., 2012; Baugher et al., 2005; Chiou et al., 2010) . Interestingly, a signature for tumor cell invasion was extremely high in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and was consistently elevated in coclustering human ILCs. Of note, these pathway and invasive signatures provide an important distinction between IR-ILC tumors, where despite sharing high expression of immune signatures, it is those IR-ILC tumors with invasive gene expression features that cluster with our mouse model ( Figure S5C ). As a result, this mouse model mimics highly invasive, immune-infiltrated human ILCs, potentially by activation of similar cell signaling pathways.
Next, we compared our model with other recently described models for Cdh1 −/− ;Pten −/− ILC (Boelens et al., 2016) as well as for ILC induced by Cdh1 deletion together with oncogenic insertions associated with sleeping beauty transposon mobilization (Kas et al., 2017) . Using preprocessing methods and COMBAT, we corrected for technical variance between these data and our dataset. Observing the intrinsic cluster ( Figure 5A ), domestic p53/Brca1-null tumors clustered with imported tumor data from the same model, squamous tumors tightly clustered with squamous tumors from the imported data, and our claudin-low tumors tightly clustered with spindle tumors from the imported data, demonstrating mediation of technical bias. As expected, Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre shared cluster with Cdh1 loxP/loxP ;Pten loxP/loxP ;Wap-Cre and tumors noted to be ILC subtype 1 from the ''sleeping beauty'' screen (SB-ILC1). Normal mammary gland samples were also present in this cluster, consistent with normal-like features of ILC.
To investigate how these models might be different, we used significance analysis of microarrays (SAM) to identify genes with differential regulation between our model and Cdh1 −/− ; Pten −/− tumors as well as between our model and SB-ILC1 ( Figure S6A ). From each comparison, a large number of gene expression differences were observed. To investigate changes unique to our model, significant genes from each comparison with q = 0 and fold change greater than 2 were identified ( Figure S6B ). Interestingly, upregulated genes in our model were associated with a number of invasive features such as MMP activity, collagen secretion, and microtubule dynamics ( Figure S6C ). In agreement, Mmp9, Mmp12, Mmp13, and a cancer invasiveness signature were all expressed significantly higher in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors compared with other ILC models ( Figure 5B ).
Likewise, Rac1, Yap, and Oct 4 pathway signatures were also significantly higher in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors ( Figure 5C ). The SHH signature was more even between our model and other ILC models but still significantly higher compared with Cdh1 −/− ;Pten −/− tumors or SB-ILC2 tumors. To test for tumor cell dependence on altered signaling, we performed mitochondrial activity assays (MTT) on tumorsphere and control mammosphere cultures treated with inhibitors of PI3K (BKM120 and BYL719), Rac1 (NSC23766), or Yap1 (verteporfin). Indeed, tumorsphere cultures showed greater sensitivity to inhibitors of all three pathways at multiple concentrations ( Figures 6A-6C ). PI3K and Rac1 inhibitors cooperated in this regard ( Figure 6D ).
Upon testing immune cell signatures, similar expression patterns were observed between our model and the Cdh1 loxP/loxP ; Pten loxP/loxP ;Wap-Cre model ( Figure 5D ). However, macrophage signatures were significantly higher in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors. As a whole, these comparisons suggest that although Cdh1 loxP/loxP ;R26-LSLPik3ca H1047R tumors are similar to other ILC models from a global gene expression perspective, key differences exist in terms of invasive potential, pathway activation, and immune cell composition.
Finally, we performed high-dimensional immunophenotyping by mass cytometry to identify phenotype and abundance of immune cell subsets in enzymatically dissociated mammary glands (MGs) from control (CTRL) versus tumor-bearing mice. This technique uses an elemental mass spectrometer-coupled flow cytometer known as a CyTOF to analyze expression of single cells stained with 40 or more metal-tagged markers and can identify known and novel cell subsets when the data are analyzed using unsupervised computational approaches. We stained cell suspensions with 27-33 metal-tagged antibodies that included markers to identify epithelial cells, fibroblasts, and endothelial cells as well as several immune cell types and differentiation states (Table S2) . As expected, the MG tumors contained a significantly higher proportion of epithelial (Epcam + ) relative to non-epithelial cells among CD45 non-hematopoietic cells ( Figure S7A ). MG cells from CTRL mice had slightly higher frequencies of CD45 + cells, but the relative abundance of major immune cell lineages (T, B, myeloid, and natural killer [NK] cells) was not significantly different in CTRL versus tumor-bearing MG samples.
To determine whether immune cells infiltrating ILC tumor versus CTRL MG samples consisted of distinct sub-lineages and differentiation states, we performed unsupervised clustering of CD45 + cells using Phenograph (Levine et al., 2015) , a k-nearest neighbor algorithm, and used dimensionality reduction by t-distributed stochastic neighbor embedding (t-SNE) (Amir et al., 2013) to visualize the clusters ( Figure 7A ). B and NK cells mapped to three distinct clusters, which were not differentially abundant between CTRL and tumor MG samples (not shown). Among the nine CD11b + myeloid cell clusters, six were relatively low abundance and did not differ significantly between geno-types. These included CD11b lo MHCII hi CD24 hi dendritic cells, MHCII Ly6G + granulocytes, MHCII lo Ly6C hi monocytes and MHCII CD24 hi SiglecF + cells resembling alveolar macrophages (not shown) (Yu et al., 2016) . Notably, however, tumor MG samples had significantly higher abundance of cluster 0, whereas CTRL samples had significantly higher abundance of clusters 3 and 5 within the myeloid population ( Figure 7A ). Cluster 0 showed uniquely high expression of CD11c (Itgax), previously identified to be expressed by tumor-associated but not normal mammary tissue macrophages (Franklin et al., 2014) , as well as CD49F (Itga6). Plots of CD11c versus CD49F cells confirmed higher expression of both markers among tumor-associated CD11b + cells ( Figure S7B ). Thus, high-dimensional CyTOF analysis revealed that despite the similar overall abundance of myeloid cells in CTRL and tumor-bearing MGs, the ILC-like tumors in Cdh f/f ; R26-Pik3ca Mut+/− ; Wap-Cre mice promoted macrophages to adopt a unique differentiation state in the MG.
Phenograph analysis of CD3 + TCRb + cells in MGs also revealed tumor-associated differences in T cell sub-lineages and differentiation states ( Figure 6B ). Tumor MG samples had significantly higher frequencies of clusters comprising the CD8β + cytotoxic and CD8β FoxP3 + regulatory T cell lineages ( Figures 7B and S7A) . Interestingly, within the main CD8β + , CD8β − FoxP3 − , and CD8β FoxP3 + regulatory T subsets, significantly more cells expressed the immune ''exhaustion'' and inhibitory checkpoint marker PD1 in tumor MG samples ( Figure 6B ). Tumor-associated CD8β + and CD8β − FoxP3 + T cells also had significantly higher PD1 expression, suggesting that they were activated ( Figure 7B ). Finally, PD1 + regulatory T cells in tumor MG samples also expressed higher levels of the CD25 cytokine receptor ( Figure S7C ), providing further evidence that they were activated. Collectively these data suggest that development of MG tumors in this model is accompanied by generation of an immune suppressive micro-environment in which CD11c hi CD49F hi macrophages as well as PD1 hi cytotoxic and regulatory T cells are more prevalent than in the normal MG.
DISCUSSION
The study of lobular BC has been hampered by a lack of cellular and animal models. Recently, Sflomos et al. (2016) used intra-ductal injection of human ILC into immunecompromised mice to generate xenograft models. This approach holds much promise, particularly for the study of hormone-related and reactive subtype disease (Ciriello et al., 2015; Michaut et al., 2016) . In contrast, IR ILC must be studied in an immune-competent system. Genomic analysis has highlighted the importance of two common targets for mutation in lobular BC, CDH1 and PIK3CA. For CDH1, mutations are loss of function and recessive. For PIK3CA, mutations are gain of function, are dominant, and occur mostly at one of two hotspots: H1047 in the kinase domain and E545 in the helical domain. Here we report that homozygous deletion of Cdh1 cooperates with Pik3ca H1047R to induce mouse mammary tumors with a dramatically reduced latency, in comparison with tumor formation induced by Pik3ca H1047R alone (note that Cdh1 deletion by itself does not induce mammary tumor formation). The situation with Pik3ca E545K is more complicated. During the first ~8 months (250 days), Pik3ca E545K cooperates with Cdh1 deletion to induce mammary tumor formation at a higher rate. However, when followed for 18 months, the difference in MTFS between Cdh1 loxP/loxP ; Pik3ca E545K ;Wap-Cre and Pik3ca E545K; Wap-Cre cohorts disappeared. The exact reason for this difference between alleles is unclear, although PIK3CA E545K mutants are mostly found in slow-growing luminal A breast tumors, whereas PIK3CA H1047R mutations are common in both luminal A and luminal B (Cancer Genome Atlas Network, 2012). Perhaps this is related to inefficient activation of Akt by p110a E545K , as opposed to p110a H1047R (Meyer et al., 2013) , or to the differential dependence of helical (E545K) versus kinase domain (H1047R) mutant proteins on Ras-GTP and tyrosine kinase signaling, respectively (Zhao and Vogt, 2010; Hao et al., 2013) . Both types of Cdh1 loxP/loxP ;Pik3ca mutant ;Wap-Cre tumors are slow growing, but this feature is particularly striking in Pik3ca E545K cohort mice. Thus, both hotspot alleles cooperate with Cdh1 loss to initiate formation of slow growing luminal A ILC type mammary tumors.
Our mouse model for ILC is transcriptionally related to IR-ILC in humans, with clear evidence of leukocyte infiltration. Gene expression signatures for many different adaptive and innate immune cell types were evident in mouse and human lesions. Strikingly, immune cell infiltration was also associated with transcriptional evidence for immune suppression and/or immune cell exhaustion in both species. For example, a strong signature for Treg cells and for PD1-and CTLA4-based immune checkpoint activation was seen. Transcriptional profiling also revealed a number of gene expression programs and signaling pathways that show shared activation in Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors and human IR-ILC; this includes Rac1, Yap, Oct4, Hif1a, Shh, and Notch. In particular, results for Rac1, Yap, Oct4, and invasion signatures are noteworthy, as they further distinguish human tumors within the IR-ILC subtype, perhaps on invasive capacity. Also, mouse IR-ILC tumor cells show sensitivity to PI3K, Rac1, and Yap inhibitors. Given the similarity between our model and its human counterpart, its invasive capacity in vivo and in vitro, our model represents a unique counterpart of highly invasive IR-ILC at the level of tumor phenotype Using mass cytometry, we identified specific features of the immune system in our IR-ILC model. Most immune cell populations that could be identified in CTRL MGs appeared unchanged in mammary tumors, in terms of compartment size and marker expression. In contrast, striking abnormalities were identified in a few macrophage and lymphocyte compartments. For example, tissue resident macrophages were reduced in number, while a new CD11b + , CD11c Hi (Itgax), and CD49F (Itga6) Hi macrophage compartment was present. Interestingly, tumor-associated macrophages (TAMs) in these lesions were MHC class II Hi , suggesting that they were highly activated and distinct from those found in tumors that form in MMTV-polyoma MT mice (Franklin et al., 2014) . Consistent with this, most CD11b + cells in our model were not VCAM Hi , again distinct from those found in PyMT tumors (Franklin et al., 2014) . Other studies have reported variable myeloid phenotypes in different mouse models of BC (Yu et al., 2016) .
Marked differences were also seen between T cells in our IR-ILC-like tumors and those found in CTRL MGs. Tumors had more cytotoxic and regulatory T cells. These and other T cell populations showed evidence of previous activation (high PD1 and CD25 expression).
One of these populations is likely related to CD4 + FoxP3 − PD-1 Hi inhibitory T cells, which are thought to limit anti-tumor T cell responses (Zappasodi et al., 2018) . Collectively these data suggest that development of MG tumors in this model is accompanied by generation of an immune suppressive micro-environment in which CD11c hi CD49F hi macro-phages as well as PD1 hi T cells are more prevalent than in the normal MG.
On the basis of these conserved features, the Cdh1 loxP/loxP ; R26-LSL-Pik3ca H1047R ;WapCre mouse will be an important preclinical model for testing a number of immune-based therapeutics. Mouse models for IDC of the breast, most prominently MMTV-PyMT, have been used to study roles for specific immune cell types in growth, progression, and dissemination (Dadi et al., 2016; Franklin et al., 2014) . Going forward, however, it will be important to use models for specific breast tumor types, including well known molecular sub-types, to define exactly how the immune system functions in each. Indeed, immune phenotypes differ dramatically across models (Yu et al., 2016) and therefore likely differ in specific types of BC in humans. Ultimately, combination therapies can be developed with this model, on the basis of signaling defects (e.g., PI3K and Rac1), as well as on activation of effective immune clearance of tumor. Finally, this new model, which demonstrates significant invasive capacity, can be used as a platform for selection of therapy resistance and metastatic disease, as well as for identification of approaches to treat such disease. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mouse model of IR-ILC Breast Cancer
Mice were housed at The Centre for Phenogenomics (TCP) in Toronto. Wap-Cre (JAX#008735) and Cdh1 f/f (JAX#005319) stains were obtained from Jackson labs. R26-LSL-Pik3ca H1047R (JAX#016977) mice were previously generated in the Egan lab (Adams et al., 2011) . R26-LSL-Pik3ca E545K mice were generated in exactly the same way (Adams et al., 2011) . Wap-Cre and R26-LSL-Pik3ca mut stains were genotyped by PCR using primers published as indicated (Adams et al., 2011; Soriano, 1999) . Cdh1 loxP/loxP stains were genotyped by PCR using the following primers, 5ʹ-GGGTCTCACCGTAGTCCTCA-3ʹ and 5ʹ-GATCTTTGGGAGAGCAG TCG-3ʹ. Mouse mammary tumors were collected from humanely sacrificed mice once the tumors reached endpoint as defined by the Canadian Council on Animal Care (CCAC). Tumor assays were performed exclusively on female mice. These and all other animal experiments were performed with prior approval of the TCP Animal Care Committee and according to guidelines from the CCAC.
METHOD DETAILS Tumor histology and immunohistochemistry
Approximately one half of each harvested tumor was fixed in 10% formalin and later embedded in paraffin by the pathology core at TCP. The remaining half was divided into smaller samples and either snap-frozen or stabilized in RNAlater (QIAGEN 76106). Paraffin sections (5 mm) were cut, mounted and stained with hematoxylin and eosin by the pathology department at TCP. Masson's trichrome staining was performed by the pathology department at the Hospital for Sick Children. Unstained paraffin sections were deparaffinized in xylene and rehydrated through an alcohol series before being subjected to antigen retrieval in a decloaking chamber (Biocare Medical; SetPoint1 = 125 C, 5 minutes; SetPoint2 = 90 C, 10 s), using epitope-retrieval solutions of either pH6 or pH9.
Immunohistochemistry endogenous peroxidases were quenched in 3% H 2 O 2 in methanol for 15 minutes (room temperature). VectaStain ABC kits (Vector Laboratories PK-6101, PK-4002, PK-6105) were used for subsequent steps. Slides were blocked for 1 hour. Primary antibodies were incubated overnight under moist conditions (4 C). Secondary antibodies were incubated for 1 hour at room temperature. 3,30 -Diaminobenzidine (DAB) substrate kit (Vector Laboratories SK-4100) was used for staining and slides were counterstained in hematoxylin for 10 s.
Immunofluorescence slides were blocked for 1 hour (DakoCytomation X0909). Primary antibodies were incubated overnight under moist conditions (4 C). Secondary antibodies were incubated for 1 hour (room temperature). Slides were mounted with fluorescence mounting medium (DakoCytomation S3023) containing 40, 6-diamidino-2-phenylindole (DAPI).
Antibodies (used at recommended dilutions) are as follows
ERa (SantaCruz sc542 
Electron microscopy
To harvest high quality mammary tumor samples for electron microscopy (EM), heart perfusion was performed with a 0.05% glutar-aldehyde and 4% paraformaldehyde fixative solution on three Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R ;Wap-Cre mice. Fixed tumor samples were processed by the Nanoscale Biomedical Imaging Facility at the Hospital for Sick Children.
Tumorsphere assays
Mammary tumors were minced and digested in 1x collagenase/hyaluronidase (Stem Cell Technologies, #07912) for 4 hours at 37 C. Red blood cells (RBCs) were removed from digested tumors using RBC lysis solution (1:4 HBSS with 2% FBS:RBC Lysis Buffer, Sigma-Aldrich, #11814389001). After Trypsin-EDTA and dispase/DNase I treatments, cell suspension was passed through a 40 mm strainer (BD Falcon, #352340) to achieve singlecell suspension. Cells were incubated with a lineage antibody cocktail (anti-mouse TER-119, eBioscience, #14-5921; anti-mouse CD45, eBioscience, #14-0451; anti-mouse CD140a, eBioscience, #14-1401; anti-mouse CD31, eBioscience, #14-0311) for 30 minutes (4 C), then with Goat anti-rat IgG microbeads (Miltenyi Biotec, #120-000-290) for 15 minutes (4 C). Mammary epithelial (lineage depleted; lin -) cells (MECs) were isolated by using the autoMACS Pro Separator (Miltenyi Biotec). Cells were seeded at four different densities (1.0 3 10 5 , 2.5 3 10 5 , 5.0 3 10 5 and 7.5 3 10 5 ) onto ultra low attachment 6-well plates (Corning Costar, Fisher Scientific, #07-200-601) in MEC media (Advanced DMEM/ F12, 2% FBS, 1% penicillin/streptomycin, EGF 10ng/mL, bFGF 10ng/mL, Heparin 4ng/mL, 5 mM ROCK inhibitor and 0.5 mM GSK3 inhibitor). Tumor-spheres were fed every other day and passaged every 3 days.
For inhibitor experiments (Figure 6 ), cell suspensions were generated using the same digestion and lineage depletion protocol described above. These cells were cultured for a few days before being trypsinized and replated at 2.0 3 10 4 cells/well on ultra low attachment 96-well plates (Corning Costar, Fisher Scientific 07-200-603) in MEC media. Different concentrations of the following inhibitors were added the next day: BKM120 dissolved in DMSO, BYL719 dissolved in DMSO, Verteporfin dissolved in DMSO (TOCRIS 5305) and NSC23766 dissolved in ddH 2 O (Millipore Sigma 553502). Cells were exposed to the inhibitors for 48h before being incubated with MTT (0.2mg/mL) for 3h. Formazan products were dissolved in DMSO and plates read at 570nm using Molecular Devices VersaMax 190. Each plate was read twice, then both readings were averaged and corrected by subtracting absorbance readings from DMSO blanks. Viability percentages were calculated using the following equation: (corrected treated well)/(average of corrected CTRL wells) × 100.
Imaging
Histology and immunohistochemistry images were captured with an AxioCam HRm digital camera (Zeiss Axioskop) by using AxioVision (release 4.6.3) software. Immunofluorescence images were captured with a Hamamatsu C9100-13 EM-CCD camera (Quorum spinning disk confocal, Zeiss AxioVert 200M) by using Perkin Elmer Volocity software. EM images were captured on a Gatan Orius digital camera (FEI Tecnai 20 transition electron microscope) using Digital Micrograph software. Tumorsphere images were captured with a Leica DMI 6000 B microscope by using Leica Application Suite Advanced Fluorescence (release 3.2.0.96.52) software.
RNA extraction
Tumors frozen in RNAlater (QIAGEN 76106) were thawed and homogenized by QIAGEN TissueRupter (QIAGEN 9001271). RNA was extracted using a QIAGEN RNeasy mini kit (QIAGEN 74104). RNA was quantified by Nanodrop spectrophotometer and quality for microarray determined using an Agilent Bioanalyzer.
Gene Expression Analysis
Total RNA was labeled with cyanine-5 (Cy5) dye for tumor samples and cyanine-3 (Cy3) dye for mouse reference samples (Hersch-kowitz et al., 2007) using the Agilent Low RNA Input Fluorescent Linear Amplification Kit. For both mouse reference RNA and tumor RNA, 2ug of labeled RNA was co-hybridized overnight to Agilent microarrays (platform G4862A). This new gene expression data was deposited on the UNC Microarray Database (UMD). The gene expression data was extracted with other published data for mouse mammary tumor models (Pfefferle et al., 2013) from the UMD; please see Gene Expression Omnibus accession numbers GSE3165, GSE8516, GSE9343, GSE14457, GSE15263, GSE17916, GSE27101 and GSE42640 for data associated with Pfefferle et al. (Pfefferle et al., 2013) . Gene expression was calculated as log2 Cy5/Cy3 ratios, keeping only probes with Lowess normalized intensity values greater than 10 in both Cy5 and Cy3 channels and keeping probes with data on greater than 70% of the microarrays (in the context of the entire dataset). The entire dataset was then median centered across genes using Cluster 3.0 (de Hoon et al., 2004) and missing values were imputed using K-means nearest neighbor imputation. Unsupervised hierarchical clustering of the mouse dataset was done using Cluster 3.0 using a gene filtering criteria based on standard deviation (SD > 1.0). Clustering was done using the correlation similarity metric and centroid linkage. Clustering results were visualized in Java Tree View (Saldanha, 2004) . Fold change analysis was done using Significance Analysis of Microarrays (Tusher et al., 2001) . Gene expression signature scores were calculated as the median expression of the signature according to previously published methods (Fan et al., 2011) . Gene-set enrichment analysis (GSEA) was done using the Broad Institute Gene Pattern server (Reich et al., 2006) and GSEA results were visualized in Cytoscape (Shannon et al., 2003) using protocol from the Bader lab (http://www.baderlab.org/Software/ EnrichmentMap/Tutorial) (Merico et al., 2011) .
For combined analysis of mouse and human tumors, mouse Entrez gene ids were mapped to their corresponding human gene symbol. The human tumor dataset was the TCGA Breast Cancer 1198 dataset, with IDC from all major subtypes and ILC samples (Ciriello et al., 2015) . For mediation of platform biases (aka-batch effects), each mouse and human dataset was first independently normalized, log2 transformed, and imputed. Next, each dataset was independently median centered across genes, followed by sample standardization. Finally, the mouse and human datasets were combined by COMBAT (Johnson et al., 2007) . For cluster analysis, genes were filtered to previously published signature genes for defining lobular subtypes (Ciriello et al., 2015) as well as the signature genes that define the Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors (the mouse signature list combined SAM results from both comparisons of Cdh1 loxP/loxP ;R26-LSL-Pik3ca H1047R tumors to other Pik3ca H1047R induced tumors and to all other mouse models in the dataset). Again, clustering relied upon Cluster 3.0 using the correlation similarity metric and centroid linkage. The clustering results were visualized and extracted using Java Tree View (Saldanha, 2004) .
For comparative analysis to existing models of ILC, the fastQ files (single-end read samples only) were imported from the European Nucleotide Archive (PRJEB14134 and PRJEB14147). Alignment was conducted using STAR (Dobin et al., 2013) and quantification of aligned reads were achieved using SALMON (Patro et al., 2015) . Sample identities were not shared for RNA-seq data PRJEB147 and thus IGV was used to view BAM-files and unblind data genotypes. Preprocessing of RNA-seq data included upper quartile normalization and removal of genes with an average less than 10 across the entire RNA-seq dataset. Next, the data was Log2 transformed, filtered to genes present across 70% of the data, and with missing values imputed. Next, the imported data and our domestic dataset were independently centered across genes, followed by sample standardization. Batch effects were then removed using COMBAT.
MASS CYTOMETRY METHODS
Cell Staining for Mass Cytometry
Dissected MG tissue from 12-24-week old CTRL or tumor-bearing mice (N = 4/group) was enzymatically digested to release single cells (Xu et al., 2012a) . Fc receptors were blocked by treating cell suspensions (1-2 × 10 6 cells/mouse) with the 2.4G2 anti-FcRII/ FcRIII antibody in staining media (SM: phosphate-buffered saline (PBS) containing 1% bovine serum albumin). Cells were then stained for 30' at room temperature with pre-determined optimal concentrations of metal-tagged antibodies specific for cell surface markers diluted in SM. Cells were then washed in SM, pelleted (300 × g, 5ʹ), and resuspended in SM containing 10 mM 195 Cisplatin (BioVision Inc., USA) to stain dead cells. After 3ʹ, cells were washed again and then immediately fixed and permeabilized with Transcription Factor buffer (BD BioSciences, San Jose CA) according to the manufacturer's instructions. After washing, cells were stained with transcription factor antibodies and then washed a final time before re-suspending in PBS containing 0.3% saponin, 1.6% formaldehyde, and 0.05 mM 191/193 Iridium to stain nuclear DNA for up to 48h at 4°C. Cells were then washed and resuspended in deionized water at 2-5×10 5 /ml prior to adding to 5-element EQ normalization beads (Fluidigm, Markham ON Canada) and running on a Helios CyTOF according to Fluidigm's protocols. The Helios software was used for pre-processing to generate and normalize FCS 3.0 datafiles.
Metal-tagged Antibodies
Purified carrier-free antibodies were purchased from BD Biosciences, BioLegend or Thermo Fisher and metal tagged using Fluidigm Maxpar Metal Conjugation Kits according to the manufacturer's instructions. The only exception was Ly6C, which was tagged using the MaxPar chemistry to natural abundance Indium(III) chloride (95.6% atomic mass 115) purchased from Sigma. One experiment (N = 3/group) was performed with the 33-marker panel shown in Table S1 , and a second (N = 1/group) was with a similar panel of 27 markers.
CyTOF Data Analysis
FCS files were uploaded into Cytobank (Santa Clara, CA) and each parameter was scaled using the Arcsinh transformation. Each datafile was manually pregated to remove EQ beads, dead cells, debris and aggregates and to identify CD45 + hematopoietic cells. FCS datafiles containing 11,198 CD45 + live single cells from each sample were exported for clustering using the open source Phenograph algorithm (github.com/jacob/PhenoGraph) (Levine et al., 2015) . Clustering was performed (k = 30, Arcsinh scale argument = 5) on 6 MG samples (3 CTRL and 3 Tumor) using the following 27 markers: Ly6C, CD44, SiglecF, Itgb7, CD11b, CD24, CD25, CD3e, Icos, CD22, CD103, CD45, FoxP3, CXCR4, Tbet, PD1, CD8b, CD49F, Ly6G, TCRβ, CD49b, CD11c, Nrp1, CD117, MHCII, CD127 and RORγt. The R package 'flowCore' was used to create new FCS files that included the Phenograph cluster IDs, which were then uploaded to Cytobank where t-SNE dimensionality reduction was performed (iterations = 2000, perplexity = 30, theta = 0.5) using the clustering markers. The Phenograph cluster IDs were also included to enhance visualization of the Phenograph clusters in the t-SNE embedding (Amir et al., 2013) .
by ''j'' on KM survival curves, indicates the removal of a mouse from the study before end point. Mice were censored in the overall survival curves due to air exposure, drowning or use as a CTRL. In the tumor-free survival curves, mice were censored due to non-mammary tumor end points or deaths. Further details, including number of animals on tumor watch (n) are available within Figure 1 . Statistical analysis for Figure 3 was performed using GSEA and the gene pattern server. Details are provided within the figure legend. For Figure 5 , statistics were performed in Graphpad Prism, using an unpaired t test and two-tailed p value. Details are provided in the figure legend. Statistical analysis for inhibitor assays with individual drugs ( Figure 6A , B, C) was performed using the one-way ANOVA function in GraphPad Prism 6. Tukey's multiple comparison test was done to calculate statistical differences between treatment and CTRL groups. Statistical analysis for the PI3K + Rac1 inhibitor assay ( Figure 6D ) was performed using the two-way ANOVA function in GraphPad Prism 6. Sidak's multiple comparison test was done to determine statistical differences between treatment and CTRL groups. Bar graphs ( Figure 6A , B, C) and line graph ( Figure 6D) show the mean % of viable cells in each well and the vertical lines show standard deviation. Further details are available within the figure legend. For Mass Cytometry, statistical significance of differential subset abundance was per-formed using multiple t tests in Prism 7. The two-stage step up method of Benjamini, Krieger and Yekutieli was used to correct for multiple testing (Benjamini et al., 2006) . The number of tumor or CTRL MG samples (n) analyzed is provided within the Mass Cytometry Methods section.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A dashed line is included to highlight the date at which mammary tumor-free survival lines cross for mice from Pik3ca E545K cohorts ± Cdh1 homozygous deletion. human tumors. The magenta bars mark the ILC-subtype calls (Ciriello et al., 2015) . The heatmap displays the median centered expression level (log 2 ) of each gene in a given sample; expression levels are depicted by the color bar on the right-hand side. On the right hand side of the heatmap, the color bar marks individual gene annotations for presence in a given signature. (B) Gene set enrichment analysis comparing Cdh1 loxP/loxP ;R26-Pik3ca H1047R tumors with all other mouse mammary tumors reveals significant enrichment of the immune-related ILC signature (Ciriello et al., 2015) 
